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INTRODUCTION
The strong paramagnetic susceptibility of liquid oxygen (LOX) has established it as a good candidate for a cryogenic magnetic fluid system void of mechanically moving parts. As a paramagnetic material, oxygen is attracted to an increasing magnetic field gradient by its susceptibility. Curie's Law states that paramagnetic susceptibility increases as temperature decreases and results from the reduced thermal energy allowing polar molecules to align with an external field. At cryogenic temperatures, oxygen liquefies whereas most other ferrofluids freeze; thus, LOX, which is already used extensively in propellant, thermal, and life support systems, becomes a good candidate for a cryogenic magnetic fluid system. Moving parts often limit a subsystem's lifetime due to their eventual failure and are particularly hindering in applications such as satellites where human intervention is not feasible. Therefore, a strong technical need exists for a quantitative database and predictive capability of the viability of LOX as a magnetic working fluid.
Past research on paramagnetic fluids such as LOX is limited. On the other hand, ferrofluids, which are colloidal suspensions of magnetic particles in a carrier fluid, have been heavily studied [1] . A ferrofluid pump capable of producing 2 kPa (0.29 psi) was developed by Park and Seo [2] [3] [4] [5] [6] and others created by Krauss [7] , Hatch [8] , and Liao [9] were used as models of experimentation but did not generate as much pressure as Seo and Park's. As a paramagnetic fluid, LOX is about 30 times weaker than an inexpensive ferrofluid. Youngquist [10] performed the only quantitative experiments found on the magnetohydrodynamics (MHD) of LOX. With an open-ended U-tube, he measured the displacement of one end of a column of LOX while the other was pulsed by a solenoid. Youngquist also created a simulation that agreed well and, therefore, was used as a starting point for this study. In all, the current knowledge and understanding of MHD behavior of LOX are insufficient for the development of cryogenic applications. The objectives of this study were to displace a slug of LOX with electrically-pulsed solenoids and then develop a theoretical model to simulate LOX dynamics.
EXPERIMENTAL SETUP
An apparatus was designed to displace a slug of LOX via electrically-pulsed solenoids. The test section was completely submerged in liquid nitrogen to mitigate thermal acoustic oscillations. Helium acted as the surrounding gas for the LOX slug due to its inertness and low boiling point. A photograph and 3-dimensional drawing of the plumbing system can be seen in Figure 1 . The total system volume was 340 cm 3 , although only about 1.8 cm 3 existed downstream of the test section. This allowed for high-pressure changes when the slug was displaced. Pressure sensors upstream and downstream of the LOX slug in the test section recorded data at 5 kHz with a 70 Pa resolution. The solenoids and test section were created by wrapping copper wire on plastic bobbins and then sliding them over a 1.9 mm ID quartz tube. The quartz tube interfaced with stainless steel plumbing 
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This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. through removable Teflon heat shrink tubing that allowed for easy interchangeability of the test section. The maximum absolute pressure in the system did not exceed 172 kPa and all fittings provided a helium-tight seal with leak rates less than 20 Pa/min. When submerged in liquid nitrogen, the solenoids produced up to 1.1 T with a 900 W power supply. The operating pressure was maintained above atmospheric pressure to prevent a cold vacuum, but held within a gauge pressure of 325 kPa to maintain safe operating levels. Before submersion, the system was purged with helium and the direction of helium flow from upstream to downstream was the source of the notation used for convention. Prior to each test, the length of the slug and its initial position relative the solenoid were recorded. The LOX slug edges were measureable within 1.6 mm resolution.
THEORY
The dynamics of a LOX slug being displaced by magnetic fields was developed based on Rosensweig's analysis [1] . In a closed volume, the motion of the slug was similar to a pneumatic spring-mass-damper system whose forcing function could be described as a separable function of position and velocity. The position-based force on the slug was due to pressure (F P ) and magnetic forces, (F M ), and the velocity-based force was due to the wall shear force (
where m is the slug mass; and x, x and x is the position, velocity, and acceleration of the slug. The pressure force resulted from the differential pressure on either side of the slug as
where a is the slug radius; and p is the pressure difference. The magnetic force is based on Kelvin force density, f m , as a result of the divergence of the Maxwell stress tensor and is
where is the permeability of free space, M is the magnetization vector, and H is the applied field vector. For soft magnetic materials, volumetric susceptibility is the ratio of the magnetization to the applied field, = M / H. By substituting for M, using the vector identity,
, and noting that Ampere's Law cancels out the curl of the applied field, equation (3) can be reduced to
With a constant temperature, the relative permeability, , also remains constant. The relative permeability is the ratio between the magnetic flux density, B, and applied magnetic fields, = B / H, but can also expressed in terms of volumetric susceptibility, . Given these relations, the Kelvin force density in the axial direction is
where the subscript x denotes the axial direction. The differential term considers the ends of the slug and when integrated over the entire volume of the slug, the force due to magnetism in the axial direction, F M , is
where the subscript DS denotes the downstream edge of the slug; and US denotes the upstream edge. The magnetic flux density on the axis of a solenoid can be predicted by summing all the wire loops in the solenoid. The individual loop contribution is
where I is the electrical current; r is the wire radius; and x is the axial distance to the center of the loop. Damping results from the force due to fluid shear on the wall, F S , which is dependent on the wall shear stress of the transient LOX flow. As an approximation, steady state pipe flow shear stress was used with the classic relation for laminar wall shear stress, the Blasius correlation for turbulent wall shear stress [11] , and an interpolative relation for the transient region as (10)
NUMERICAL METHOD
The governing equations were discretized using a first-order finite-difference method for space and time. Given initial conditions of the position, velocity, and total force, a kinematic equation was used to find the slug's position at each time step. The discretized algorithms for calculating the pressure and magnetic forces are summarized in equations (11) (12) (13) (14) (15) . 
where the subscript i is the time step; F T is the total force on the slug from the pressure, magnetic, and shear components; M x and M r are the number of coils in the axial and radial directions; z and r are the coil spacing in the axial and radial directions; a sol is the inner radius of the solenoid, and b is the wire diameter. The convention used was that positive displacement is in the upstream direction. With all three external forces determined, a total force on the slug could be formed.
where the sign function in the third term on the right hand side forced the shear component to always act in the opposite direction of velocity. Then, the left hand side of equation (10) was discretized and balanced with the average total force between time steps. After rearranging, the equation of motion was
The numerical simulation then cycled to the next time step and repeated the algorithm to calculate the pulse dynamics relative to a solenoid. Once the total relative dynamics were solved for a solenoid, they were converted to absolute coordinates for the entire test setup. The process was repeated throughout the entire pulsing sequence as shown in Figure 2 
RESULTS AND DISCUSSION
The experiment produced interesting results for the slug dynamics. When power to the solenoids was switched on, the slug moved to a new position and oscillated about the mean displacement with decaying oscillation amplitude. The mean displacement decreased with time, corresponding to resistance heating that caused the magnetic field to decrease. The susceptibility decreased no more than 1% due to resistance heating. When power to the solenoid was switched off, the slug moved back to its neutral position and pressures on both sides of the slug equalized, again with damped oscillations. Positive pressure indicates the slug was displaced towards the downstream end causing compression and the dashed line represents the decreasing mean displacement when the solenoid is powered. Figure 3 shows the downstream pressure response and numerical simulation of a 0.25 second, 1.1 T pulse on a 1.9 cm slug, using an effective slug length of 5.3 cm. The effective slug length is calculated by fitting the experimental data to the theoretical equations and a pneumatics analysis [12] , but may actually be due to an improper experimental approximation. Because the metal tubing in upstream and downstream sections of the slug prohibit visual confirmation of the amount of LOX, additional slugs may have formed. If so, the dynamics of the system must include these slugs and an effective slug length larger than the visible slug length must be used for the numerical model. Further inabilities of the model include the lack of approximations for the magnetoviscous effects and slug internal flow.
To best match the experimental data, the run in Figure 4 assumed a viscosity 4.75 times that of non-magnetized LOX at 77 K. The viscosity of LOX was augmented to account for unknown magnetoviscous effects and internal flow dynamics. It has long been known that a magnetic field will effect viscosity and Odenbach [13] has shown that accurately predicting the changes requires the use of laboratory measurements. Unfortunately, no data could be found for LOX. Unknown velocity gradients of the internal flow at the wall could have also resulted in greater shear stress. For the simplicity of the current model, the viscosity was calculated based on the best fit of the data to the slug motion equations. Further studies of the phenomena using cryogenic rheometers and computational fluid dynamics are to be performed to resolve the unknown magnetoviscous effects and slug internal flow. The simulation was also dependent on the initial position of the slug. Figure 4 shows the relationship between the maximum pressure differential generated and initial position of the center of the slug relative to the solenoid. The solid line represents the simulation with an effective length of 10.5 cm and a viscosity 2.1 times the non-magnetized value. The experimental data was for a visible slug length of 1.9 cm and the points marked with an "x" indicate runs that experienced a hydrostatic breakdown. Theoretical predictions validated by Perry [14] indicate that a breakdown should have occurred around 1.9 kPa (0.27 psi) for the current setup, slightly higher than the data obtained. The difference was again due to the resistance heating.
The simple model was used to predict peak pressure trends with respect to slug length and position. Figure 5 shows the simulation's predictions on the maximum generated pressure differential as the slug length and center position vary. The simulation showed that the maximum pressure differential occurred when the slug was about twice the length of the solenoid and began with its closest edge just outside the solenoid. In a system free of shear, the pressure differential would continue to increase with the slug length and position.
As a higher order test, a 2.3 cm slug was pulsed between two solenoids at 0.25 seconds each from upstream to downstream. Figure 6 shows the correlation for the experimental data when using an effective slug length of 11.1 cm and a viscosity 2.1 times the non-magnetized value. This result proved that the LOX slug could be moved from solenoid to solenoid indicating that multiple solenoids could be used to move and control the motion of a LOX slug for certain applications. The results of this study further indicate that, in order to further understand the phenomena and optimize the simulation, the effect of magnetic field on the viscosity of LOX must be determined. Furthermore a 3D model of the 2-phase problem coupled with fluid flow and magnetics is needed to provide more information on the internal flow dynamics of the LOX slug.
CONCLUSIONS
Experimental testing of the magnetohydrodynamics of a LOX slug in a closed system has been achieved. A numerical model was developed to qualitatively simulate the Time [sec] Pressure [kPa] dynamics when the slug is displaced by pulsed magnetic fields; however, further research is needed to more accurately match the model to experimental data. The magnetic fields are induced by sequencing current through a series of solenoids that control the slug by generating pressure pulses for compression and decompression. For the test apparatus presented, the pressure pulses were on the order of 2 kPa, comparable to other researchers using ferrofluids. The simulation has proven effective in gaining understanding of the pressure differential generated for a range of slug lengths and starting positions. The study provided insight into slug motion due to a single solenoid and a series of solenoids, thus paving the way for more complex research. Overall, the understanding achieved on the magnetohydrodynamic response of a LOX slug through experimentation and simulation will be useful for future researchers seeking to design subsystems with no moving parts.
